Ten mouse-passaged scrapie lines were initiated from five sheep with clinical scrapie. Of the lines, five were initiated and passaged exclusively in mice with the s7s7 genotype and the remaining five lines were initiated in mice with the p7p7 genotype, with two of these lines subsequently being passaged exclusively in p7p7 mice and two being passaged mainly in p7p7 mice. Lines were passaged three or four times and two parameters were compared: incubation period and the induction of a weight increase during the preclinical period. Considerable variation in the incubation periods was found between the different passage lines at similar passage levels, with a range in s7s7 mice of 113 days to greater than 450 days and a range in p7p7 mice of 219 days to greater than 500 days. All of the lines passaged exclusively in s7s7 mice had shorter incubation periods in this mouse genotype than in p7p7 mice, whereas of the five lines initiated in p7p7 mice, two had shorter incubation periods in p7p7 mouse strains. C57BL mice were used as the indicator strain and most of the lines caused an increase in weight during the preclinical phase of disease compared to control mice injected with normal brain homogenates. For both parameters, incubation period and preclinical weight increase, differences were seen in lines that had identical passage histories, suggesting that an informational molecule separate from host genomic material must specify scrapie strain differences.
Introduction
Scrapie is the archetype of the unconventional slow infections (Gajdusek, 1977) . The natural hosts for the causative agent are sheep and goats (Hadlow et al., 1979) . Experimentally the agent has been passaged in a variety of small laboratory animals, including mice and hamsters (Dickinson et al., 1984; Kimberlin, 1984) . Despite the long incubation period and the absence of either immunological or biochemical markers, studies of pathogenesis and genetics have yielded much information. This is due, in large measure, to the fact that if the scrapie strain, host strain, dose of agent and route of injection are kept constant, the disease process is remarkably predictable (Dickinson & Fraser, 1979; Kimberlin, 1979; Kimberlin & Walker, 1983; Carp et al., 1985 Carp et al., , 1989a .
A series of studies has established that there is genetic control of scrapie pathogenesis which is exerted by both the host and the scrapie agent (Dickinson & Fraser, 1977 Fraser, 1979; Carp et al., 1987 Carp et al., , 1989b Kim et al., 1987a) . These studies were done using well established scrapie strains having long passage histories. In the current study we looked for evidence of strain variation in primary isolates of sheep scrapie using comparatively Short and simple passage regimens in mice. A series of 10 passage lines was established from five scrapie-positive sheep, with each sheep providing a line initiated in s7s7 mice and a line initiated in p7p7 mice. Passages from a single host into different species (Kimberlin & Walker, 1977 , 1978 Kimberlin et al., 1987 Kimberlin et al., , 1989 , or into mice with different Sinc genotypes (Dickinson & Outram, 1983) , often yield scrapie agent populations with different characteristics. The passage lines were analysed for two parameters that are under genetic control of host and agent: incubation periods in mice of different Sinc genotypes (Dickinson & Meikle, 1971) and increase in weight during the preclinical phase of disease (Outram, 1972; Carp et al., 1984 Carp et al., , 1989c Kim et al., 1987 b) . In the present study, initiation of lines from the same sheep in different Sinc genotypes led to differences in one or both parameters. Furthermore, in some instances, differences were found in the characteristics of lines that had been derived from different sheep but had similar histories with regard to the Sinc genotype used for passage.
Alan G. Dickinson of the AFRC and MRC Neuropathogenesis Unit, Edinburgh, U.K. The stocks were maintained in our animal colony by random brothe~sister matilags. Female weanling mice were used in the current studies.
Scrapie strains. Three scrapie strains, ME7, 22A and 87V, were kindly provided by Dr A. G. Dickinson. We maintained these strains by using intracerebral (i.c.) injection of female weanling mice with 1% brain homogenates. For ME7, C57BL mice were used, whereas the 22A and 87V strains were passaged in IM or VM mice.
Passage of scrapie agent from scrapie-positive sheep. Random brain slices obtained from five Suffolk sheep exhibiting clinical and histopathological signs of scrapie were frozen at -70 °C until use. Slices were thawed and 10 % homogenates were prepared in phosphatebuffered saline (PBS) using 20 strokes of a Ten-Broek homogenizer.
Homogenates were stored at -70 °C prior to use. For the first passage, 30111 of a 10% homogenate was injected i.c. Mice were observed biweekly and then on a weekly schedule from 150 days post-injection (p.i.) to the end of the experiment.
Mouse-to-mouse passage. Brains were harvested from mice that had shown clinical signs of scrapie for 3 consecutive weeks. Brain homogenates were prepared in PBS as described above for sheep material. In some cases, homogenates were diluted in PBS prior to injection. Storage of material and injection procedures were the same as those described above for sheep material.
Analysis of clinical symptoms and estimation of incubation period.
Clinical symptoms were monitored and incubation periods estimated as described previously (Carp et al., 1984) . Incubation periods are expressed as mean + S.E.
Analysis of weight.
Body weight was monitored periodically throughout the incubation period as described previously (Carp et al., 1984 (Carp et al., , 1989c . Comparisons of mean weight values were performed using Student's t-test. and VM mice. Incubation periods of these first passages (Table 1) were remarkably similar, with the mean incubation periods for the nine positive passages ranging from 355 to 592 days. These initial isolates were used to establish 10 passage lines; their passage histories are noted in the last column of Table 1. Brain homogenates from the first mouse passage were used to inject mice i.c. for a second passage, followed by a third and, in most cases, a fourth passage. All of the lines initiated in s7s7 mice and two of the lines initiated in p7p7 mice (603 and 605) readily underwent subsequent passages in mice of the same genotype. Special circumstances occurred for the other lines that were initiated in p7p7 mice. The VM mice injected with homogenate from sheep number 1 (line C601) failed to develop disease but material 
Results
Initial studies focused on analysis of incubation periods in s7s7 and p7p7 mouse strains. Brain homogenates (10% w/v) from five sheep were injected i.c. into both C57BL * C, C57BL/6L J-None of the animals in the group developed clinical scrapie but brain homogenate from one mouse was used as inoculum for blind passage in C57BL and IM mice.
~: A single mouse survived to 497 days p.i. Other mice in the group had died earlier without showing clinical signs of scrapie. prepared from these mice did cause disease on 'blind passage' into C57BL mice. For VM mice injected with homogenates from sheep number 4 (line C607), a single mouse survived to 497 days. Other mice in the group died without showing clinical signs of scrapie and the clinical evaluation of the mouse that survived to 497 days was ambiguous. Histopathological evaluation was not done on the brain of this mouse. Upon blind passage, C57BL mice were positive but IM mice were negative for the disease. On subsequent passages, C57BL mice showed a decreasing incubation period but attempts to pass the agent to p7p7 mice (IM and VM) failed. For the C609 line, the attempted second passage in IM mice was not successful; however, since test mice died before 253 days p.i. without showing evidence of clinical scrapie, the possibility remains that animals would have shown clinical disease at a later date. The second passage in C57BL mice yielded an incubation period of 194 days.
At the third or fourth mouse passage incubation periods were assessed; the data are shown in Table 2 . A consistent finding with the lines initiated and passaged in C57BL was that their incubation periods were shorter in s7s7 mice than in p7p7 mice. As shown, incubation periods for the lines initiated in C57BL varied considerably, with a range in s7s7 mice from 113 to 295 days and a range in p7p7 mice from 219 to more than 500 days. There was also profound variation among the lines that were initiated in p7p7 mice, with a range from 124 to greater than 500 days in s7s7 mice and a range from 253 to greater than 450 days in p7p7 mice. For lines initiated in p7p7 mice, two had shorter incubation periods in p7p7 mice (C603, C605) but lines C601, C607 and C609 had shorter incubation periods in s7s7 mice.
The patterns of incubation periods in s7s7 and p7p7 mice of a number of the sheep isolate lines were similar to several well characterized scrapie strains. Examples are shown in Fig. 1 , which compares three of the sheepderived, mouse-passaged lines with three established scrapie strains. The incubation period of two lines, C603 and C605, had become stable from passage to passage, whereas the data for the C600 line are incomplete at present. The C600 line and ME7 scrapie strain yielded a similar pattern in C57BL and IM mice, with comparatively short incubation periods in the former and much longer incubation periods in the latter. The pattern was reversed for the 22A strain and for line C603, in which incubation periods were much shorter in p7p7 mice than in an s7s7 strain. The C605 line and 87V strain had similar incubation periods in IM mice, whereas neither caused disease in C57BL during extended observation periods. It should be emphasized that although the patterns of incubation periods for these lines are similar to those of the listed scrapie strains, two of the lines, C600 and C603, caused preclinical increases in weight in C57BL mice, whereas neither ME7 nor 22A cause a weight increase after routine i.c. injection (Outram, 1972; Kim et al., 1987b; Carp et al., 1989c) . N~ither the C605 (Table 3) line nor the 87V strain (R. I. Carp, unpublished results) caused a weight increase in C57BL mice. A second parameter analysed was the capacity of the isolate lines to induce a weight increase during the preclinical phase of disease. In some scrapie strainmouse strain combinations there is an increase in body weight prior to the appearance of typical signs of clinical scrapie (Outram, 1972; Carp et al., 1984 Carp et al., , 1989c Kim et al., 1987b) . In a series of studies, it was established that the mouse strain, sCrapie strain and route of injection all play a role in the occurrence of a significant increase in weight (Kim et al., 1987b) . The importance of scrapie strain can be seen by the fact that in the same mouse strain (SJL) using the same route of injection (i.c.), two scrapie strains caused a significant weight increase whereas two other scrapie strains did not (Carp et al., 1984) . It was of interest to examine the sheep isolates for their capacity to induce a weight increase. Body weight values during the preclinical and early clinical phases of disease in C57BL mice injected with one of three sheep scrapie isolates or with normal mouse brain are shown in Fig. 2 . For the C606 line, values were significantly greater than those for mice injected with normal mouse brain from 171 days p.i. to the end of the experiment. As a proportion of the weight of mice injected with normal mouse brain, the increases at 171,198, 232 and 262 days p.i. were 15~, 29~, 37~ and 36~, respectively. In this experiment, the incubation period for the C606 line was 284 + 16 days. Neither of the other lines (C609 and C605) caused a weight increase compared to normal brain-injected mice. The incubation period of the C609 line was 124 + 4 days whereas the C605 line failed to cause disease during the observation period. A summary of the effects on weight of 10~ and 0.01 homogenates of the 10 passage lines is shown in Table 3 . Using I0~ homogenates, five of the 10 lines caused a weight increase. Two of the lines (C601 and C607) that failed to cause a weight increase at the higher concentration did produce preclinical obesity when injected at a concentration of 0.01 ~. Analysis of the data on the basis of individual sheep shows that for four of five sheep at least one of the two isolate lines caused obesity; neither of the lines from sheep number 5 caused a weight increase. A number of the lines (C600, C601, C602, C605, C606, C607 and C609) were tested for their effect on the weight of p7p7 mice; none of these lines caused an increase in weight (data not shown).
Discussion
The key finding in this study is that there are marked differences in a number of parameters of agent-host interaction in early mouse passages of brain material from five sheep with clinical scrapie disease. There were dramatic differences in incubation period, with values for the third or fourth passage in C57BL mice differing by as much as four-to fivefold in C57BL mice and by as much as two-to threefold in IM mice. With regard to the induction of preclinical weight increase, some of the isolate lines failed to cause a weight increase, whereas other lines caused an increase of up to 37 ~ compared to controls, as shown in Fig. 2 , and up to more than 65 ~ in data not shown (see Fig. 2 in Carp et al., 1989c) .
Data obtained with two passage lines derived from each individual sheep reveal interesting comparisons. In some instances, the pattern of incubation periods in s7s7 and p7p7 mouse strains (Table 2 ) was similar and lines from the same sheep had similar effects on body weight in the preclinical period (Table 3 ), suggesting that the isolates are similar or the same. To establish definitively the identity of the isolates will require examination of results from further passages, analysis of incubation periods in Sinc heterozygotes (s7p7) and assessment of additional parameters, such as histopathological changes (Fraser, 1979) . For several other sheep the resultant lines were markedly different, as shown in Tables 2 and 3 . For example, the pattern of incubation periods in s7s7 and p7p7 mice for lines C602 and C603 and for lines C604 and C605 was virtually reversed. In addition, the C604 line caused a weight increase in C57BL mice, whereas the C605 line did not. The concurrent isolation in mice of different Sinc genotypes of several lines with markedly different properties from the same sheep has been a frequent observation (Dickinson & Outram, 1983) . It is possible that scrapie agent populations with different properties develop in sheep during the long incubation period and that the host fails to provide selective advantages for any particular population. When material is then passaged into genetically diverse hosts different selective pressures permit the appearance of distinctive populations of agent (Kimberlin & Walker, 1977 , 1978 Kimberlin et al., 1987 Kimberlin et al., , 1989 Dickinson & Outram, 1983 Kimberlin, 1982) , in which the informational molecule is an agent-associated nucleic acid. In the prion (Prusiner, 1982 (Prusiner, , 1987 Prusiner et al., 1987) or modified host protein (Bolton & Bendheim, 1988) hypothesis, the agent is composed exclusively of a protease-resistant, host-coded protein termed PrP. In this hypothesis one of the proposed mechanisms to account for scrapie strains is that nucleotide differences in the host sequence that encodes PrP would yield distinctive agent populations. As an example, because there are two known PrP alleles in the mouse, one associated with s7s7 mouse strains and one with p7p7 strains, there would be two mouse scrapie strains, one derived from each of these Sinc genotypes. However, in our study, there were marked differences in the biological properties of sheep isolate lines that had been passaged in mice with the same PrP coding sequence. These data, combined with results from a variety of experiments using well characterized scrapie strains that were compared after four or more passages in the same host strain (Kim et al., 1987a; Carp et al.,  1989b) , strongly support the concept that differences in the sequence encoding PrP cannot be the sole determinant of diversity among scrapie strains.
